as the speed of locomotion on food, aggregation of animals with other animals on food (social behavior), and bordering, a preference for the thicker parts of a bacterial lawn (de Bono and Bargmann, 1998) . These behavioral differences between the two strains are all due to a single amino acid substitution at position 215 of NPR-1 (de Bono and Bargmann, 1998). The CB4856 strain has been shown to have a lower function allele (215F) of npr-1 than the allele found in the N2 strain (215V). Each allele is found in many wild isolates, and no other alleles of npr-1 have been identified in wild strains (de Bono and Bargmann, 1998). We demonstrate that this allelic variation in npr-1 strongly influences the relative difference in behavioral responses to ethanol in multiple wild isolates. Finally, we present evidence that suggests that a decrease in NPR-1 signaling occurs during sustained ethanol exposure to mediate acute tolerance. Genetic variations in the basal level of signaling in the NPR-1 pathway may result in substantial variations in behavioral responses to ethanol in different wild strains. recovery during an exposure to ethanol as an example of acute ethanol tolerance. diverge by the 30 min time point (p Ͻ 0.05 at 30 and 50 min), suggesting that the difference between these Natural Variation in Acute Tolerance We observed significant differences in the process of strains reflects a difference in the rate at which acute tolerance develops rather than a difference in acute senacute tolerance in different wild strains of C. elegans. The N2 strain, originally isolated in Bristol, England, sitivity. Acute tolerance is thought to reflect plasticity within the nervous system such that compensation ocshows a modest, yet significant, recovery during 50 min of ethanol exposure [F(2,9) ϭ 37.2, p Ͻ 0.001; Figure  curs to counter the depressive effects of continuous ethanol exposure. Our results could be explained if acute 1A]. In contrast, a different wild strain, CB4856, isolated in Hawaii, demonstrates a more dramatic recovery from tolerance develops faster in the CB4856 strain than in N2.
We excluded an alternative explanation where a differsimilar levels of intoxication compared with the N2 strain over the same time period ( Figure 1A) . A two-way reence in the rate of ethanol metabolism or clearance between the two strains could account for the observed peated measures ANOVA comparison of the strains over time showed significant differences based on genotype, recovery. We found that in each strain the internal ethanol concentration did not change during the 10-50 min time, and the interaction of the two (see Figure 1A legend for statistics). Post hoc tests indicated that both strains interval ( Figure 1B , see legend for statistics). We found that the internal ethanol concentration in CB4856 was show indistinguishable levels of ethanol-induced behavioral depression at the 10 min time point (p Ͼ 0.05) but actually higher than the internal ethanol concentration in N2 at two of the three time points examined ( Figure  1B ), indicating that the more rapid recovery of CB4856 is not a result of simple enhancement of ethanol metabolism or clearance in CB4856. These data suggest that an equivalent exposure to ethanol initially produces similar levels of locomotion depression in N2 and CB4856 and that adaptation of the nervous system to the presence of ethanol can occur more rapidly in the CB4856 strain than it does in the N2 strain. We tested other possible explanations for the more rapid recovery from ethanol-induced behavioral depression in the CB4856 strain. The CB4856 strain is reported to have a higher average speed than N2 in the presence 10 m/s; t 10 ϭ 2.3, p Ͻ 0.05). Such differences in untreated speed were taken into account with these and other strains when determining the effect of ethanol by loci responsible for the different rates at which acute calculating the speed of each strain on ethanol relative tolerance developed. From the initial cross between the to the speed of untreated animals of the same strain. We N2 and CB4856 strains, we observed that only a single examined other mutant strains that have faster average locus appeared to be responsible for the difference in speed on food or are recognized as hyperactive to deterthe rate at which acute tolerance developed between mine if altered ethanol responses are a general property the two strains and that the slow acute tolerance (N2) of these strains. egl-4 mutant animals display a faster allele appeared to be dominant. These conclusions are average speed than N2 animals in the presence of food based on analysis of the F 2 generation of a cross be-(Fujiwara et al., 2002) and did not show more rapid develtween N2 and CB4856 where approximately one quarter opment of acute tolerance than the N2 strain [10 min:
of the progeny demonstrated a rate of development of N2 ϭ 11.7% Ϯ 2.3%, egl-4(n478) ϭ 12.2% Ϯ 2.2%; 30 acute tolerance similar to the CB4856 parental strain, min: N2 ϭ 17.6% Ϯ 3.1%, egl-4(n478) ϭ 17.5% Ϯ 1.0%; and the remaining three quarters of the F 2 progeny be-50 min: N2 ϭ 21.0% Ϯ 2.8%, egl-4(n478) ϭ 23.8% Ϯ haved like the N2 strain. CB4856 strain with the N2 strain, selecting animals in that the more rapid acute tolerance displayed by the the F 2 progeny of each cross with a more rapid acute CB4856 strain is not an indirect effect of having a faster tolerance phenotype. The result of these crosses was average speed in the presence of food. We have also the replacement of most of the CB4856 genome with observed that known hyperactive mutants, including a DNA from N2, with the exception of the region of DNA dgk-1 mutant, do not exhibit more rapid tolerance (data surrounding the locus responsible for the rapid acute not shown). Furthermore, the more rapid development tolerance seen in the CB4856 strain. Analysis of SNP of acute tolerance of CB4856 does not extend to certain haplotypes of animals that showed more rapid developother compounds that have a depressive effect on bement of acute tolerance in successive generations rehavior. For instance, exogenous dopamine also inhibits sulting from these crosses demonstrated that the only locomotion, but CB4856 does not show immediate or significant region of homozygous CB4856 DNA was on delayed resistance to this effect (data not shown).
the left arm of the X chromosome (Ϫ8.8 to Ϫ2.0; Figure  2 ). By recombination mapping using visible genetic markThe Acute Tolerance Locus Maps to npr-1 ers, we narrowed the genetic region to between Ϫ8.8 We investigated the genetic nature of the difference in and Ϫ6.0 on the X chromosome ( Figure 2) . Notably, this rates of development of acute tolerance between N2 interval contains the gene npr-1. The response to ethanol and CB4856 with the assumption that this difference of these outcrossed animals was similar to CB4856; would be attributable to one or some of the natural there was no significant difference compared with N2 dimorphisms that exist between the two strains. While at the 10 min time point, but a difference in speed the N2 strain is commonly used as the laboratory wildemerged by 30 min ( Figure 1A Figure 3B ). This confirms the dominant nature of the N2 allele of npr-1 with regard to the acute with a high copy number of the PM4 genomic DNA fragment, thereby increasing the copy number of the npr-1 gene and presumably increasing levels of the NPR-1 prothe mammalian NPY receptors (de Bono and Bargmann, tein. Two out of three animals expressing this construct 1998). N2 is a solitary strain (carrying the higher function at these levels (N2;egEx1-3 ) demonstrated a decreased allele, 215V), while CB4856 is a social strain (carrying rate of development of acute tolerance compared with the lower function allele, 215F) (de Bono and Bargmann, N2 animals, confirming that NPR-1 plays a negative reg-1998). We tested whether the observed difference in ulatory role in acute tolerance ( Figure 3B ). acute tolerance might also be due to an allelic difference at the npr-1 gene by testing animals that carried loss-offunction alleles of npr-1 in an otherwise N2 background
The Role of NPR-1 in Acute Tolerance Can Be Separated from Its Role in Food-Dependent ( Figure 3A) . The relative speed of animals carrying the npr-1(n1353) mutation, a weak loss of function, ap-
Social Behaviors
We asked if npr-1 acts to antagonize the development of peared higher than that of N2 animals at the 30 and 50 min time points but was not significantly different from acute tolerance in the same way that it acts to suppress food-dependent social behaviors. We tested the effects N2 at any time point. Each of the remaining strains was not significantly different from N2 at the 10 min time of two loss-of-function mutations, osm-9(ky10) and ocr-2(ak47), which can suppress the clumping and faster point but recovered faster than N2 such that there were significant speed differences at later time points ( We asked if npr-1 functions in the same neurons to ance phenotype of npr-1 animals ( Figure 4B ). This result indicates that the functions of npr-1 in ethanol tolerance confer its ethanol acute tolerance phenotype as it does to confer its social behavior phenotype. We tested and food-dependent behaviors are separable. We tested a third npr-1-suppressor mutation, odr-8(ky173), for its whether or not we could rescue the npr-1 acute sensitivity phenotype by replacing npr-1 function in a subset effects on the ethanol response of npr-1(ad609). npr-1-mediated social behavior requires ODR-8-dependent reof npr-1-expressing cells shown to be sufficient to rescue the social behavior phenotype of npr-1 mutants ceptor trafficking (Dwyer et (Figure 3A) , downregulation of NPR-1 also results in more ity, and therefore the variation observed may not explain the natural variation in the more subtle effects of intoxrapid development of tolerance. Together, these data suggest that ethanol induces compensatory changes in icating, nonlethal, doses of ethanol. We have chosen to explore natural variation in response to intoxicating the NPR-1 pathway that result in adaptive behavioral responses.
doses pathway is a key regulator of acute tolerance, and allelic variation in npr-1 strongly influences the rate of development of acute tolerance in all of the wild strains we mammalian systems suggest that changes in the NPY examined. Changes in the NPR-1 pathway appear to signaling pathway also occur with prolonged ethanol occur with prolonged ethanol exposure and may result exposure in these systems. One of these studies examin adaptive behavioral responses. Observations made ined the expression of many genes in the frontal and in mammals suggest that NPY-like signaling pathways motor cortices of the brains of alcoholics using cDNA also affect acute behavioral responses to ethanol in microarrays (Mayfield et al., 2002) . Among the many higher organisms. Given the extraordinary conservation changes that were observed was a significant decrease of this signaling pathway, it will be interesting to deterin NPY expression in both tissues. One possible explamine whether differences in the endogenous level of nation for this change is that low levels of NPY are NPY signaling also contribute to the natural variation in causative for alcoholism; an alternative is that chronic behavioral responses to ethanol that are observed in alcohol abuse results in a decrease in NPY levels. Two human populations. studies used immunohistochemistry to examine NPY levels in the brains of rats that were fed ethanol over Internal ethanol concentrations following timed exposures to ethamin period (1 frame/5 s). An animal was scored as being in the nol were determined as follows. 300-600 worms were placed on clump when 50% or more of its body length was in contact with dried (37ЊC for 2 hr) plates without bacteria that had ethanol added the clump. Treated animals were compared with control animals by to a final concentration of 500 mM. The animals were left on the two-tailed t tests.
plates for 10, 30, or 50 min before they were washed from the plate Semiquantitative RT-PCR was performed on cDNAs derived from with ice-cold dH 2 0. The animals were briefly centrifuged at 4ЊC to young adult animals treated with 350 mM ethanol for 20 hr and form a pellet and the supernatant was removed. The volume of equivalent control animals. RNA was isolated using the RNAqueousthe worm-containing pellet was determined, and ice-cold dH 2 0 was 4PCR Kit (Ambion) and cDNAs generated using a First Strand cDNA added to a final volume of 30 l. The worms were frozen at Ϫ85ЊC Synthesis Kit (Stratagene) with oligo(dT) primers. npr-1 mRNA levels for 30 min before homogenization on ice. The concentration of ethawere compared against mRNA levels of a nonvariable control gene nol in the homogenate was determined according to the manufactur-(F23B2.13) (Link et al., 2003) . Primers used for npr-1 were CTATGC er's instructions using an Alcohol Reagent kit from Sigma. Due to GTGGCTGAACCCAAGTTTC (forward) and GTGTCGTTGACGCTGA the small size of the animal, it is impossible to know if there are ACTCGATC (reverse) and for the control mRNA (F23B2.13), GTC compartmental differences in the concentration of ethanol, but we AAGCTCATCTCAAGTCAAAC (forward) and GCGTCGTACACCAT are making the assumption that all internal tissues are exposed to CAACTTTC (reverse). The primer sets from both genes span introns. similar concentrations of ethanol. Strain and time course compari-PCR products were compared on 2% agarose gels over a range of sons were performed using one-way or two-way ANOVA, with Bon-PCR cycles and were quantified using EagleSight software (Straferroni posttests. tagene). The entire procedure was repeated twice.
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